To measure cerebral glucose utilization with the autoradiographic deoxyglucose method, the tracer transfer rate constants and lumped constants must be known. 2-Deoxyglucose (2-DG) and fluorodeoxyglucose (FDG) constants were determined in 18 gray and white matter brain structures of the anesthetized ferret. The ferret is a domestic carnivore particularly suitable for de oxyglucose studies because of its small brain size and low body weight. The average gray matter rate constants for tracer transfer across the blood-brain barrier are similar for 2-DG and FDG in the ferret brain (Kj = 0.21 mIlgimin and kj, = 0.39 min -1 ) . The rate constant for the rate limiting step of tracer phosphorylation, kj, is 1.6 times higher for FDG than for 2-DG (0.21 vs. 0.13 min -1 ) . Loss
The deoxyglucose method (Sokoloff et aI. , 1977) is a widely used tool in neuroscience (Sokoloff, 1982) . It allows the mapping of regional functional activity in the brain by measuring regional cerebral metabolic rates for glucose (R, glucose utilization). The conventional deoxyglucose method (Sokoloff et aI., 1977) is based on a single intravenous injec tion of radioactively labeled glucose analog. In or der to calculate glucose utilization by auto radio graphic means, the first-order rate constants for transfer of glucose tracer from plasma to brain (Kt; strictly speaking, the first order rate constant mul-of metabolized tracer is about 1-1.5%/min throughout the ferret brain for both tracers as estimated for a 180 min experimental period. Taking into account this loss, the lumped constant is 0.92 for FDG and 0.68 for 2-DG. Glu cose utilization values in the brain of the anesthesized ferret range from 33 fLmoIllOO g/min in the corpus callo sum to 104 fLmolllOO g/min in the caudate nucleus. Rep resentative glucose utilization images of coronal sections of the ferret brain are shown. Brain structures are iden tified on the same slices counterstained with thionin. Key Words: Glucose utilization-Ferret brain-Deoxyglu cose-Fluorodeoxyglucose-Transfer rate constants Lumped constant.
tiplied by the plasma volume per gram of brain), and from brain to plasma (kD, and for tracer phosphor ylation (kj) must be determined in separate exper iments (Sokoloff et aI. , 1977) . The lumped constant (LC) that converts tracer uptake into glucose phos phorylation rates must also be known. Recently, a double-label version of the quantitative deoxyglu cose method was described (Redies et aI., 1987a) that allows the measurement of glucose utilization for two sequential time periods in the same animal. This double-label approach requires the additional knowledge of the first-order rate constant for the rate-limiting step of loss of metabolized tracer (k.4).
This paper provides the basis for applying the deoxyglucose method to the brain of the anesthe tized ferret (Mustela putorius Juro) by measuring regional tracer rate constants and lumped constants for two commonly used glucose analogs, 2-deoxy D-glucose (2-DG) (Sokoloff et aI. , 1977) and 2fluoro-2-deoxY-D-glucose (FDG) (Sako et aI. , 1984; Olds et aI. , 1985; John et aI., 1986; Redies et aI. , 1987a) .
METHODS

Radiochemicals and animals
[14C]2-deoxY-D-glucose (2-DG) (specific activity of 55 mCilmmol) and eHJ2-fluoro-2-deoxY-D-glucose (FDG) (specific activity of 78 Cilmmol) were purchased from New England Nuclear and American Radiolabeled Chem icals. Young adult female ferrets of the Siamese and Sable Fitch strains were obtained from Marshall Farms (New York). Animals weighed about 900 g. They were fasted overnight with free access to water before the experi ment.
Rate and lumped constant determination
Details of the experimental procedures have been de scribed in the preceding paper (Redies and Diksic, 1989) . Briefly, each animal was anesthetized with halothane (2-3%) for surgical procedures (tracheotomy, and unilat eral femoral vein and artery catheterization). For lumped constant determination, the superior sagittal sinus was also cannulated. After the surgical procedures, animals were maintained on a mixture of N20/02 (70%/30%) sup plemented with a continuous intravenous infusion of low dose pentobarbital (0.5-1.5 mg/kg/h). Animals were arti ficially ventilated after their muscles were paralyzed with intravenous gallamine triethiodide (7 mg/kg/h) and tubo curarine (0.5 mg/kg/h). Experiments were started 2-4 h after switching to the nitrous oxide anesthetic regimen.
To determine rate constants, 18 ferrets were injected with a mixture of [14C]2_DG and [3H1FDG (7-10 fLCi of each isotope) into the femoral vein. Two animals were decapitated at nine time points between 2.5 and 180 min after injection. During the experiment, timed arterial blood samples were obtained to determine plasma radio activities, plasma glucose, and hematocrit. After decapi tation, 10-100 mg tissue samples were obtained from the 18 brain regions listed in Tables 1 and 2 . Samples were weighed and digested in tissue solubilizer (Protosol, New England Nuclear) . Tissue and plasma 3H and 14C radio-activities were determined in a liquid scintillation counter (LKB 1219 Rackbeta). Tissue radioactivities were fitted to the total tissue radioactivity function of the Kt-kt model [Eqs. (A6) and (A7) in Redies et aI., 1987a] as described by Redies and Diksic (1989) . Standard errors for the rate constants listed in Tables 1 and 2 were ob  tained from a variance-covariance matrix. For lumped constant determination, five ferrets were simultaneously injected via the femoral vein with a 1 min bolus of e4C12-DG and [3H]FDG. Timed blood samples were obtained for up to 20 min after the start of injection from both the femoral artery and the superior sagittal sinus to determine plasma radioactivities and glucose lev els. On the basis of the arteriovenous concentration dif ferences for tracers and glucose, the lumped constants were estimated by a nonlinear least-squares fitting routine as described by Matsuda et aI. (1987) . This method yields lumped constant values similar to those obtained with the original method using constant plasma tracer levels (Sokoloff et aI., 1977) . In the fitting, the rate constants (k� to kt) for 2-DG were set to the average gray matter values given in the preceding paper (Redies and Diksic, 1989, Autoradiographic procedures 2-DG autoradiograms for a series of 20 fLm thick coro nal brain sections were obtained in one ferret. Surgical procedures and anesthesia were as described above. A total of 100 fLCi (3.7 MBq) of e4Cldeoxyglucose were injected over 1 min. During the experiment, plasma ra dioactivity and plasma glucose were determined from timed arterial blood samples taken at intervals similar to those used in the rate constant experiment. The animal was decapitated at 45 min after injection. The brain was quickly removed from the skull and immersed in liquid freon (Histo Freeze, Fisher Scientific) at -30°C. Brain slices were sectioned in a refrigerated microtome at 0.21 ± 0.04 0.38 ± 0.09 0.21 ± 0.08 0.013 ± 0.0024 0.38 ± 0.12 63 ± 15 Corpus callosum 0.10 ± 0.004 0.18 ± 0.01 0.11 ± 0.01 0.010 ± 0.0006 0.35 ± 0.02 34.0 ± 1.9
Regional values are estimates ± SEM. a Volume of tracer distribution in brain, Ki/(K{ + kj). b Glucose utilization (calculated according to Eq. I). -20°C, mounted on microscope slides, and thawed and dried on a plate heated to 70°C. 14C radioactivities were determined by liquid scintillation counting as described above. Dried brain slices were exposed to radiographic film (Kodak SB5) together with precalibrated 14C poly mer standards (Microscale, Amersham) for 5 days. After exposure, the brain sections were Nissl stained with thio nino Autoradiograms were digitized and analyzed on a mi crocomputer-based image analysis system consisting of a video camera (Dage MTI Series 68DX), a frame grabber (Coreco), an IBM AT-compatible computer, and appro priate software (Image Calculator, developed by Dr. Har ald Riml, Medical Physics Unit, McGill University). Glu cose utilization images were calculated on the basis of the measured plasma radioactivity curves, the average 2-DG gray matter rate constants (Kj to kt) listed in Table 1 , and the 2-DG lumped constant given in Table 3 , using the operational equation of the Kj-kt model (Huang et aI., 1980) . The computations were carried out on a microcom puter as described elsewhere (Redies et aI., 1987 a).
Simulating tracer uptake over time
In a simulation study, we determined how much the radioactivity accumulating during the course of an exper iment in the metabolic and extracellular pools contributes to the total tissue radioactivity measured at the end of the experiment. This simulation was performed for experi ments lasting 15-120 min. It was based on a plasma time- Huang et ai. (1980) . The radioactivities accumulated in the met abolic pool between a given time after injection and the time of decapitation were calculated from Eq. (B5) in Redies et ai. (1987a) and expressed as a percentage of the total tissue radioactivity [Eq. (A6) in Redies et aI., 1987a] . The brain plasma space was set to 3%.
RESULTS
Rate constants (Kt to kV in the ferret brain
The average physiological indices (±SD) mea sured during the rate constant determination in 18 ferrets were as follows: plasma glucose, 8.2 ± 0.1 mmo1lL; hematocrit, 44 ± 3%; rectal temperature, 39.2 ± 0.6°C; mean blood pressure, 129 ± 11 mm Hg; arterial pC02, 39.2 ± 2.7 mm Hg; arterial pOb 89 ± 9 mm Hg; and arterial pH, 7.32 ± 0.04. Table 1 gives regional and mean gray matter rate constants for 2-deoxyglucose (2-DG) and Table 2 those for fluorodeoxyglucose (FDG) in the ferret brain. Also listed are the distribution volumes, Vd [Kj/(kf + kj)L for the two tracers in brain. The average half-life of the precursor pool (ln2/(kf + kj)] in gray matter was 1.5 ± 0.4 min for 2-DG and 1.3 ± 0.3 min for FDG (data not shown in Tables 1 and 2). Tables 1 and 2 also list regional glucose utilization values (R) that were calculated from the phosphorylation rate constant (kj), the volume of distribution for tracer in brain [Kj/(k! + kj)l, the mean arterial plasma glucose (Cp, 8.2 mmol/L), and the lumped constant (LC , Table 3 ) according to the following equation (Huang et aI., 1980) :
Lumped constants
(1) Table 3 lists the lumped constants for 2-0G and FOG for the Kj-kt model (kt = 0. 01 min -1). The physiological parameters measured during the lumped constant determination were within the range of those given above (rate constant determi nation).
Glucose utilization images of the ferret brain Figure 1 shows lateral and cauda views of an adult female ferret brain fixated in situ with 10% acetate-buffered formaline solution, and the skull of a different ferret. Figure 2 shows glucose utilization images for nine coronal sections from the brain of an anesthetized ferret together with the Nissl stains of these sections. Brain structures were identified on the Nissl stains after consulting histological maps of the ferret (Lockard, 1982 (Lockard, , 1985 and cat brain (Snider and Niemer, 1961; Berman, 1968; Ber man and Jones, 1982) . On the lateral view of the brain (Fig. 1) , the positions of the coronal sections shown in Fig. 2 are marked. Because of the diffi culties with stereotaxic landmarks for the ferret skull and brain (Lawes and Andrews, 1987) , the po sition of each section is simply given as a distance to the anterior pole of the frontal lobe.
Tracer uptake over time
Results from the simultaneous experiment are shown in Fig. 3 . As the length of the 2-0G experi ment, T, increases, the contribution to the total tis sue radioactivity by radioactivity in the precursor pool, Ckcn, decreases whereas the radioactivity in the metabolic pool, CM(1)' approximates the total radioactivity in tissue (Sokoloff et aI., 1977) . The rate of accumulation of radioactivity in the meta bolic pool, CM( t)' as seen from the end of the exper iment (i.e., after correction for loss of metabolized Fig. 1 to the total tissue radioactivity measured at the end of the experiment (time 1) is shown as a percentage of total tissue radioactivity (100%). For the metabolic pool, the curves indi cate how much of the activity measured as time T has accu mulated at time t after injection. 2-DG data are shown.
tracer) decreases with increasing times t after tracer injection.
DISCUSSION
The ferret as an experimental animal in deoxyglucose studies
The ferret is a friendly domestic carnivore used as a laboratory animal (Frederick and Babish, 1985) . It offers several advantages as an experimen tal animal for the neurosciences and in deoxyglu cose experiments. First, the ferret is of low body weight (adult females 450-900 g, adult males 1350-2700 g) (Moody et aI., 1985) . Compared to other carnivores like the cat or the dog, relatively small amounts of deoxyglucose are required in an exper iment. Satisfactory results can be obtained with a dose of approximately 50 !-LCi of e4C]2-DG per 900 g ferret when 20 !-Lm thick brain slices are exposed to film for 3 weeks. Second, the ferret brain (Fig. 1) is relatively small with a biparietal diameter of only 25 mm. It can easily be sectioned on standard re frigerated micro tomes like those used for rat auto radiography. Third, the ferret is an ideal animal for developmental studies of the brain since it is born relatively early in development (Linden et aI., 1981; Moore, 1982; Jackson and Hickey, 1985) . It breeds easily in captivity and has large litters (Moody et aI., 1985) . In visual and auditory neuroscience, the ferret has attracted interest as an alternative to the well investigated cat (Jackson and Hickey, 1985;  J Cereb Blood Flow Metab, Vol. 9, No.1, 1989 King and Hutchings, 1987; Moore and Kowalchuk, 1988) .
Rate constants Kt to kl for 2-deoxyglucose and fluorodeoxyglucose
The first-order transfer rate constants for 2-DG and FOG may vary from species to species (Soko loff, 1982; Gjedde, 1987) . The values measured for the ferret are within the range of those found in other mammalian species (Sokoloff et aI., 1977; Par dridge et aI., 1982; Reivich et aI., 1985; Fuglsang et aI., 1986; Pellegrino et aI., 1987) . Variations also exist for the affinity of brain hexokinase to hexoses such as glucose and its tracers 2-DG and FDG (Gjedde, 1987) . In rat brain, the phosphorylation rate constant (kj) for FDG is 1.6 times higher than that for 2-DG (Miller and Kinney, 1981; Pardridge et aI., 1982; Fuglsang et aI., 1986; Redies et aI., 1987b) . A similar ratio was found in the ferret (Ta bles 1 and 2). In contrast, in human brain, the kj value for FOG is smaller than that for 2-DG (0.074 and 0.105 min-I, respectively) (Reivich et aI., 1985) .
The rate constants for tracer transport across the blood-brain barrier (Ki and k1) are not substan tially different for 2-DG and FOG in the ferret brain (Tables 1 and 2) . Similar observations were made in the rat brain (Fuglsang et aI., 1986; Redies et aI., 1987b) . However, a study using a different tech nique showed that the rat blood-brain barrier is more permeable to FOG than to 2-DG (Pardridge et aI., 1982) . In human brain, the kf value for FDG was found to be higher than that for 2-DG (Reivich et aI., 1985) .
Unlike kj, the rate constants for loss of tracer from the metabolic pool (kt) are not significantly different for 2-DG and FOG in ferret brain (Tables 1   and 2) . Moreover, the kt values for 2-DG and FOG show comparatively little regional variation in ferret brain. As discussed in detail in the preceding paper (Redies and Diksic, 1989) , both the magnitude and the range of the kt values and the ktlkj ratio in the ferret brain agree well with studies in other mam mals.
In this study, four rate constants were fitted to the measured 180 min tissue radioactivity curve (Ki-kt model). This approach yields Ki to kj val ues different (Redies and Diksic, 1989 ) from those obtained by fitting only three rate constants to 45 min tissue radioactivity data (Ki to kj model) (Sokoloff et aI., 1977) . However, both approaches result in similar glucose utilization values in con ventional 45 min experiments if the entire analysis, including lumped constant determination, is carried out in a consistent way (Redies and Diksic, 1989) . It is therefore legitimate to assume a kj' of zero for a 45 min analysis (Sokoloff et aI. , 1977) . The kj' value was determined in this study because it is essential for the double-label deoxyglucose method (Redies et aI. , 1987a) . The rate and lumped constants listed in Tables 1 to 3 for the Kj -kl model can be used both in conventional single-label deoxyglucose ex periments lasting 45 min (Sokoloff et aI. , 1977) and in double-label experiments (Redies et aI. , 1987a) , provided that kt is taken into account in both cases.
Lumped constants for fluorodeoxyglucose and 2-deoxyglucose
The lumped constant for a given tracer is about 20-30% smaller for the Kj-kj model (kt = 0) than for the Kj-kt model (kt = 0. 01 min -1) (Redies and Diksic, 1989) . Taking into account these differ ences, the lumped constants of 2-DG and FDG mea sured in the ferret brain are within the range of lumped constants found in other species (Gjedde, 1987) . The ratio of the ferret brain lumped constant for 2-DG and FDG (Table 3) is 1. 4. This is between the ratio of 1.6 reported for rat brain (Crane et aI., 1983; Fuglsang et aI., 1986) and that of about unity measured in human brain (Reivich et aI. , 1985) .
Measuring glucose utilization in the ferret brain
The glucose tracer parameters determined in this study were used to calculate glucose utilization val ues for individual brain regions directly on the basis of rate constants (Tables 1 and 2) and the lumped constants (Table 3) according to Eq. (1). Glucose utilization values for the different regions (Tables 1 and 2) are higher than those seen in barbiturate anesthetized rats but lower than those in conscious rats (Sokoloff et aI. , 1977) . The glucose utilization values for 2-DG and FDG calculated directly from the rate constants are in excellent agreement with each other. They range from 33 f-Lmol/l00 g/min in the corpus callosum to 104 f-LmoV100 g/min in the caudate nucleus.
Average gray matter rate constants were also used to calculate glucose utilization images for rep resentative coronal brain sections of the lightly anesthetized ferret. The metabolic and anatomical maps shown in Fig. 2 may serve as a guide for fu ture deoxyglucose studies in the ferret brain.
It is sometimes assumed that most of the tracer accumulated in the metabolic pool during a deoxy glucose experiment enters this pool shortly after tracer injection so that determination of glucose uti lization is heavily weighted towards the initial pe riod of the experiment (Crosby and Sokoloff, 1983; Olds et aI., 1985; Friedman et aI., 1987) . However, small but significant amounts of tracer persist in the precursor pool even at relatively late times during an experiment (Redies et aI., 1987a,b) . Further more, some tracer is lost from the metabolic pool at a rate of l%/min (Deuel et aI., 1985; Pellegrino et aI., 1987; Redies et aI., 1987b; Hawkins et aI., 1988) (this study, Tables 1 and 2) . Results from the sim ulation experiment (Fig. 3) show that, independent of the length of the experiment, about half of the 2-DG radioactivity in the metabolic pool measured at decapitation (time T) has accumulated during the first one-third of the experiment, and one-half dur ing the last two thirds.
